ABSTRACT Voltage-clamped atrial trabeculae from bullfrog hearts were exposed to membrane-permeant photolyzable o-nitrobenzyl esters of cAMP and cGMP. UV flashes produced intracellular concentration jumps of cAMP or cGMP. With the cAMP derivative, flashes resulted in an increased slow inward current (Is;), producing a broadened action potential. The ISi reached a maximum 10-30 sec after the flash and decreased over the next 60-300 sec. The first increases were observable within 150 msec; this value is an upper limit imposed by the instrumentation. Responses to flashes lasted longer at higher drug concentrations and in the presence of the phosphodiesterase inhibitor papaverine; effects of flashes developed and decreased faster at higher temperature. Although the amplitude of the 'Si was increased, its waveform and voltage sensitivity were not affected. Intracellular concentration jumps of cAMP failed to affect the muscarinic K+ conductance. There were no observable effects of cGMP concentration jumps. The data confirm (i) that cAMP regulates the Ii and (ii) that the 5-to 10-sec delay between application of .8-agonists and the onset of positive inotropic effects, observed in previous studies, has been correctly ascribed to events prior to the interaction between cAMP and protein kdnase.
Cyclic nucleotides are thought to play a pivotal role in the regulation of the strength and frequency of the heartbeat by autonomic neurotransmitters. Electrophysiological investigations show that such inotropic and chronotropic effects arise partly through changes in the slow inward current (Isi), which is carried mainly by calcium ions (1) (2) (3) (4) (5) . The amplitude of the Isi is enhanced, and the plateau of the action potential is consequently lengthened, by many treatments that increase intracellular cAMP, such as /3-adrenergic stimulation (1, 3, 6) , direct intracellular application of cAMP itself (5, (7) (8) (9) (10) (11) , phosphodiesterase inhibition (12) , exposure to membrane-permeant analogues of cAMP (13) , and GTPase inhibition (14) . On the other hand, this slow inward current is inhibited by muscarinic stimulation (4, 15, 16) , which also inhibits adenylate cyclase (17, 18) . Presumably the cAMP-mediated effects depend, directly or indirectly, on the phosphorylation of intracellular protein(s). This concept is supported by the recent observation that the Isi is increased or decreased by intracellular injection of the catalytic or regulatory subunit, respectively, of cAMP-dependent protein kinase (19) .
Which molecular steps limit the rate of onset of the increased Li and other positive inotropic effects? In experiments with rapid application of ,B-agonists, there is a delay of 5-10 sec before detectable physiological effects (20, 21) . This delay approximates the time required for activation of adenylate cyclase in response to a sudden addition of agonist (22, 23) . Therefore, one expects that the positive inotropic effects would appear much more quickly in an experiment in which the intracellular cAMP concentration itself is jumped directly.
We have therefore developed a method for producing concentration jumps of cyclic nucleotides within cells under physiological investigation. Our procedure exploits the properties of o-nitrobenzyl cAMP ( Fig. 1 ) and its cGMP analog. These molecules are members of a group of phosphotriesters that enter cells (24) (25) (26) . The o-nitrobenzyl esters can then be photolyzed to produce the cyclic nucleotides themselves, presumably within a few msec (27) (28) (29) (30) . We find that the Is4 is indeed increased by photochemically generated concentration jumps of intracellular cAMP and that the latency of this action (< 150 msec) is no more than 3% of the latency for ,B-adrenergic stimulation.
There are additional questions about the detailed kinetics and mechanism of these actions. It is not known whether certain other neurotransmitter effects, such as the muscarinic potassium current, are mediated by changes in intracellular levels of cAMP (11) . Furthermore, it is not yet clear whether cGMP affects physiological properties of the heart (31). We find no effect of cAMP concentration jumps on the muscarinic K+ conductance and, as yet, have not found observable changes in voltage-clamp currents after cGMP concentration jumps.
MATERIALS AND METHODS
The electrophysiological and optical apparatus has been described in detail (32) . In brief, atrial trabeculae from bullfrogs (Rana catesbeiana) were investigated with the double sucrosegap voltage clamp (33, 34) while exposed to light from a xenon flash tube (30) . The current under investigation in the present study, I4i, was large enough to obviate the need to correct for the nonspecific light-flash relaxations noted previously (32) . The fast sodium current was eliminated with tetrodotoxin, allowing for good records of the Isi. Signals were led to an oscilloscope and a pen recorder and, in some experiments, to analog-to-digital converters for numerical analysis. Temperature was 23°C except where noted.
The flash tube discharged a capacitor bank (1,800 uF) charged to 400 V. The flash lasted about 2 msec. Wavelengths <300 nm were excluded with a filter (WG295, Schott Optical Glass, Duryea, PA).
The o-nitrobenzyl esters of cAMP and cGMP were synthesized and purified as described (24) (25) (26) 
RESULTS
When o-nitrobenzyl cAMP (0-40 FM) was perfused through the experimental chamber for 5-10 min, there was no change in the waveform of an unclamped action potential and there was no effect or a small increase (<5%) in the peak amplitude of the ISi. A single flash then produced a broadened action potential ( Fig. 2A ) and an increase in ISi over the next 30-40 sec (Fig. 2B ). This increase was most pronounced in preparations treated with acetylcholine or propranolol to decrease the initial size of Isi; in such cases, the increase reached a factor of 3. Over the next few min, Isi then decreased to the value before the flash (Fig. 3) .
In 10-20% of the preparations tested, there was a small "irreversible" effect so that the amplitude of Isi never returned to its value before the flash. Similar lack of reversibility is also often observed with 83-adrenergic stimulation.
Several observations support the conclusion that the flashinduced changes in the I~i result from a photochemically generated jump of intracellular cAMP. (i) The effect had an action spectrum appropriate to o-nitrobenzyl photolysis (29): it was abolished by filters that eliminated UV radiation and was still present, although smaller, when a filter (Schott, UG11) that had a transmission peak at 320 nm was used.
(ii) There were no flash effects in the absence of added drug or after a 15-to 30-min washout period, except for the small "nonspecific" relaxations previously described (32 two nucleotides, this result also rules out any effects of the nitroso compound (28). (v) There was no effect on Isi when previously photolyzed solutions of o-nitrobenzyl cAMP were perfused through the experimental chamber.
Duration and Amplitude of the Flash Effects. The effects of flashes on Isi may be summarized by (i) time to maximum increase, (ii) percent maximum increase, and (iii) half-decay time.
As the concentration ofo-nitrobenzyl cAMP was increased (within the range 4-40 PiM), each of these parameters increased: the flash-induced increases were larger and lasted longer (Fig. 3) , possibly because phosphodiesterase or phosphatase activity was saturated at higher cAMP concentrations. In three preparations treated with 10 gM papaverine to block phosphodiesterase, the time to maximum effect was increased by an average of 43% and the half-time of decay was increased by an average of 36%, although the papaverine treatment itself increased the 1si. The effects developed and decreased more rapidly at higher temProc. Nad. Acad. Sci peratures: in three preparations warmed from 250C to 35TC, the time to peak and the half-decay time were decreased by fitctors of 1.8 and 1.7, respectively; on cooling from 25TC to 16TC, these parameters were increased by factors of 2.3 and 3.3.
Latency of the Response to cAMP Jumps. In five experiments in which the flow through the experimental chamber was' switched to a solution containing a f-adrenergic agonist, the ISi began to increase after a delay of ""6 sec (Fig. 4A) . On the other hand, in 10 experiments in which flashes were delivered to a preparation exposed to o-nitrobenzyl cAMP, the increase extrapolated back to the time of the flash, with an uncertainty of ""150 msec (Fig. 4B) . In three exceptionally stable.preparations, increases of 2% to 3% were directly observed within 150 msec after the flash (Fig. 5) . The first electrophysiological effects of cAMP concentration jumps might occur much -earlier than 150 msec; the value given is limited by interference from the "nonspecific light-flash relaxations" described earlier (32) .
Waveform and Voltage Sensitivity of the Ii. The experiment of Fig. 2B suggests that cAMP concentration jumps, like (3-adrenergic stimulation, produce no marked change in the time course of the Is. while increasing its amplitude (3). This impression was confirmed in five other preparations with step depolarizations at 8-or 10-mV increments between the resting potential and a depolarization of + 120 mV (Fig. 6) . When scaled to the same peak amplitude, the waveforms of Isi superimposed well before and after the flash. Furthermore, there was only a small change in the voltage sensitivity ofIsi: after three or four flashes, the amplitude was increased by an average factor of 2.24 but the peak of the current-voltage curve was shifted by an average of only 5 previously (26) , and flashes produced little or no further increases. In three preparations in which Isi was maximally increased with isoprenaline (10 phosphorylation would proceed to the extent of at most a few percent within 150 msec after the flash (40) (41) (42) , when the first increases in I~i were detected (Fig. 5) .
In our experiments, the linear increase in Ihi extrapolates to the time of the flash with a delay of <150 msec. This suggests that a single rate-limiting step is involved in this increase. This f lash step might be the binding of cAMP to the kinase, the disso-I I I I ciation of the regulatory and catalytic subunits, possible translocation of the catalytic subunit to its site of action (39), the phosphorylation, or a subsequent event. Our experiments do not allow for a decision among these possibilities.
It has been suggested that cAMP increases the I~i by stim-(, (( 'f 1Hulating direct phosphorylation of a Ca2" channel (3, 43, 44 (45, 46) and this might acsec count for the cAMP-induced modulation of Isi (34) (35) (36) . One might (A) Rapid response to flashes in an especially stable preppredict that these mechanisms would result in different reosed to 30 ,uM o-nitrobenzyl cAMP. The lower trace shows sponse latencies between the concentration jump of cAMP and >-clamp currents associated with a depolarizing step of 80 the change in Isis However, in both cases, these delays are exsec. The upper trace, displayed with an offset and at higher pected to be less than the 150-msec limit of our present techscale except during the peak ofIg (as well as the larger peak nique; therefore, we cannot resolve this issue in our expericurrent on repolarization). The flash occurred at zero time ments. Improved time resolution and other techniques will be es a small artifact on the low-gain trace. ----, Amplitude of 'e the flash. Ig increases after the flash; the increase is norequired to descnbe the complete chain of events between acn for the step that occurs 150 msec after the flash. (B) Contivation of protein kinase and increased s nent on another fiber in the absence of the photolabile drug.
Although muscarinic agonists decrease both cAMP in intact cells and adenylate cyclase activity in homogenates from car-DISCUSSION diac muscle (17, 18) , it has been reported that the acetylchoof the observed effects, along with the previous obline-induced K+ conductance is not affected by manipulations summarized in the Introduction (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , leave little of the intracellular cAMP concentration (11) . In the present ext cAMP can serve as an intracellular second messenperiments, cAMP concentration jumps also failed to affect the adulation of the Isi. In eukaryotes, all known cAMP muscarinic K+ conductance. This observation argues against an mediated through cAMP-dependent protein kinase. involvement of cAMP in the muscarinic response. s confirm earlier conclusions that the "lag phase" after One uncertainty associated with the light-flash technique is uction of a (3adrenergic agonist arises from a step(s) the actual amplitude of the intracellular concentration jumps. the interaction between cAMP and protein kinase.
At an o-nitrobenzyl cAMP concentration of 10 1LM, each flash p might be the activation of adenylate cyclase (22, 23) produces a jump of 250 nM cAMP in the external solution. This fusion of cAMP to a special compartment (39 (28) .
